Leaf morphology in maize is regulated by developmental patterning along three axes: proximodistal, mediolateral, and adaxial-abaxial. Maize contains homologues of many genes identified as regulators of leaf development in other species, but their relationship to the natural variation of leaf shape remains unknown. In this study, quantitative trait loci (QTLs) for leaf angle, leaf orientation value, leaf length, and leaf width were mapped by a total of 256 F 2:3 families evaluated in three environments. Meta-analysis was used to integrate genetic maps and detect QTLs across several independent QTL studies, on the basis of the previously reported experimental results for leaf architecture traits. Candidate gene sequences for leaf architecture were mapped in the integrated consensus genetic map. In total, 21 QTLs and 17 meta-QTLs (mQTLs) were detected. Among these QTLs, qLA1-1 and qLA2 were consistently detected in five and three populations respectively, and six of seven QTLs with contributions (R 2 ) >10% were integrated in mQTLs. Six key mQTLs (mQTL1-1, mQTL2-1, mQTL3-3, mQTL5-1, mQTL7-2, and mQTL8-1) with R 2 of some initial QTLs >10% included 4-6 initial QTLs associated with 2-4 traits. Therefore, the chromosome regions for six mQTLs with high QTL co-localization might be hot spots of the important QTLs for the associated traits. Fifteen key candidate genes controlling leaf architecture traits coincided with 11 corresponding mQTLs, namely DWARF4, KAN3, liguleless1, TAC1, ROT3, AS2/liguleless2, PFL2, yabby9/SE/LIC/yabby15, mwp1, CYCD3;2, and CYCB1. In particular, DWARF4, liguleless1, AS2/liguleless2, yabby9/SE/LIC/yabby15, and CYCD3;2 were mapped within the important mQTL1-1, mQTL2-1, mQTL3-3, mQTL5-1, and mQTL7-2 intervals, respectively. Fine mapping or construction of single chromosome segment lines for genetic regions of these five mQTLs is worth further study and could be put to use in marker-assisted breeding. In conclusion, the results provide useful information for further research and help to reveal the molecular mechanisms with regard to leaf architecture traits.
Introduction
Investigations into the molecular mechanisms of plant leaf architecture will not only address the fundamental issues in plant science but also facilitate the breeding of high-yield crops (Wang and Li, 2008) . Leaf angle, together with leaf size and shape, is an important component of maize leaf architecture. The amount and distribution of leaf area and leaf angles in canopy determine how photosynthetically active radiation is intercepted and consequently influences canopy photosynthesis and yield in maize (Stewart et al., 2003) . The layers of vertical and horizontal leaves can be arranged to give both the highest and lowest possible rates of canopy photosynthesis in high planting density. Hybrids with vertically oriented leaves have considerable yield advantages in both model simulation (Duncan, 1971) and field experiments (Pepper et al., 1977) . Therefore, appropriate leaf architecture influences canopy morphology and enhances light capture for photosynthesis, serves as nitrogen reservoirs for grain filling, and enables more dense plantings with a higher leaf area index (Sinclair and Sheehy, 1999) , all of which increase yield. So the breeding of maize with an optimized leaf architecture designed for high planting densities is regarded as one of the most important goals to improve maize yield (Ku et al., 2010) .
The sources of genetic variation in leaf architecture have been studied by using quantitative trait locus (QTL) mapping in individual biparental maize mapping populations tested in diverse environments by only a few researchers (Mickelson et al., 2002; Pelleschi et al., 2006; Yu et al., 2006; Lu et al., 2007; Ku et al., 2010) . Michelson et al. (2002) located seven and three QTLs, respectively, using a 180 IBMRIL population and 192 markers, on a genetic map in two environments for leaf angle (LA), and they found that only the QTLs at the chromosome 5.02 region were the same. Lu et al. (2007) detected six QTLs for LA and eight QTLs for leaf orientation value (LOV) using 397 F 2:4 families and 137 genetic markers in one environment. Yu et al. (2006) detected seven and two QTLs for LA using two different populations in two environments: one was 120 F 2:3 families with 102 genetic markers and the other was 114 F 2:3 families with 90 markers, respectively, but no common QTL was detected. Pelleschi et al. (2006) detected three QTLs for leaf length (LL) and three QTLs for leaf width (LW) using an F-23Io recombinant inbred population. Ku et al. (2010) located three QTLs for LA, five QTLs for LOV, three QTLs for LL, and four QTLs for LW using 229 F 2:3 families with 222 markers in three environments. However, these studies could not clearly elucidate the molecular mechanisms that control leaf shape and, while they are informative with respect to the parents from which the populations were derived, they often do not reflect the heterogeneity of broader genetic reference populations (Holland, 2007) . Moreover, Tian et al. (2011) identified 30-36 QTLs for LA, LL, and LW through a genome-wide association study (GWAS) of the maize nested association mapping (NAM) panel. The genetic architecture of the leaf traits is dominated by small effects, with little epistasis, environmental interaction, or pleiotropy (Tian et al., 2011) . Although much research into the genetic basis of leaf architecture traits has been reported, the genetic architecture of the traits remains ambiguous, because few QTLs have been identified in each of such experiments. It will provide a unique opportunity to understand the genetic variation of leaf architecture within a large range of diversity if the QTL information presently available is synthesized across independent studies. Therefore, the meta-analysis approach could integrate all previously reported results from the literature together with experimental data and estimate the number of consensus QTLs in each region of different experiments. Wang et al. (2009) obtained 96 meta-QTLs (mQTLs) from 400 QTLs for grain yield and seven component traits detected using 17 mapping populations in 21 reports and from public data in the maize genome database (MaizeGDB; http://www.maizeGDB.org). Chardon et al. (2004) identified 62 consensus QTLs from 313 QTLs detected in 22 reports for flowering time in maize. It is important to identify potential quantitative trait genes, through integrating candidate gene analyses with QTL mapping across multiple maize populations, in order to dissect the molecular mechanisms.
The leaf is the most fundamental lateral organ in maize and originates from the flank of the shoot apical meristem (SAM), a group of indeterminate and pluripotent cells at the tip of the stem. The cells at the SAM periphery are recruited to become leaf founder cells (Poethig, 1984a, b) . Leaf morphogenesis is determined by the leaf founder cells from the SAM along three main axes: the dorsiventral axis (adaxial-abaxial), the proximodistal axis (proximal sheath to distal blade), and the mediolateral axis (medial midrib to lateral margin). Key genes and pathways related to development of leaf shape in diverse plant species have been broadly researched in recent years (Waites and Hudson, 1995; Siegfried et al., 1999; Kerstetter et al., 2001; McConnell et al., 2001; Nelson et al., 2002; Emery et al., 2003; Tang et al., 2003; Eshed, 2004; McHale et al., 2004; Mouchel et al., 2004; Grigg et al., 2005; Li et al., 2005; Williams et al., 2005; Hunter et al., 2006; Izhaki and Bowman, 2007; Lee et al., 2007; Shi et al., 2007) . However, only the mechanisms of regulation of these pathways in Arabidopsis thaliana have been extensively studied. In Arabidopsis, the HD-ZIPIII genes REVOLUTA (REV), PHABULOSA (PHB), and PHAVOLITA (PHV) are associated with adaxialization (McConnell et al., 2001; Emery et al., 2003) . The transcripts of the HD-ZIPIII genes are regulated by microRNAs miR165 and miR166 . ASYMMETRIC LEAVES ENHANCER3 (AE3), which encodes a putative 26S proteasome subunit RPN8a, and the ASYMMETRIC LEAVES 1 (AS1)-AS2 complex are also required for specifying leaf adaxial identity (Xu et al., 2003; Huang et al., 2006) , while the KAN and YABBY gene families are associated with abaxialization Kerstetter at al., 2001) . In addition, auxin response factor (ARF) proteins are pivotal in mediating auxin responses. The interaction between ARF proteins and KAN proteins could link transient local auxin gradients and gradual partitioning of lateral organs along the abaxial-adaxial axis (Pekker et al., 2005) . As regards the length and width of leaf blades, leaf expansion is mainly controlled along the longitudinal and lateral axes. Leaf cell proliferation and elongation in the longitudinal and lateral directions determine the length and width of leaf blades accordingly. ROTUNDIFOLIA3 (ROT3) and ROTUNDI-FOLIA4 (ROT4) regulate polarized growth and the number of leaf cells in the longitudinal direction (Kim et al., 1998; Narita et al., 2004) . ANGUSTIFOLIA (AN), a plant CtBP family gene, controls leaf width by regulating cell elongation in the leaf lateral axis. However, a few mutants of leaf architecture have been found in maize, and the corresponding genes, such as rolled leaf1 in the HD-ZIPIII family,  RS2, IG1, RGD2, LBL1, MWP1, KAN2, YABBY9,  YABBY14, YABBY15, LG1, LG2, and LG3, have been cloned (Nelson et al., 2002; Juarez et al., 2004; Allen et al., 2005; Pekker et al., 2005; Williams et al., 2005) . However, these genes could only reveal partial molecular mechanism of leaf development in maize.
In previous research, 15 QTLs for the four leaf architecture traits were detected in F 2:3 populations from Yu823Shen137 (Ku et al., 2010) . Therefore, the objectives of this study are to (i) integrate QTLs detected across several independent studies to identify true QTLs with more accurate confidence intervals (CIs) and small target regions for candidate genes; and (ii) integrate candidate gene analyses with leaf architecture QTL mapping across multiple maize populations to test the effects of numerous candidate leaf development regulators known from other species on the natural variations for leaf architecture traits in maize. The results of this study will provide useful information for further fine mapping and help to find quantitative trait genes (QTGs). So first the major QTLs for leaf architecture traits on the map of the F 2 population from Yu823Yu87-1 in three environments were identified. The mQTL analyses approach of Goffinet and Gerber (2000) was then used to estimate the numbers and positions of mQTLs associated with leaf architecture according to QTLs detected across several independent studies from publications mentioned above. Finally, maize candidate genes and homologues of candidate genes known to affect leaf architecture in Arabidopsis or rice on the integrated genetic map were directly and indirectly mapped, and associations of mQTL regions with the candidate genes were analysed.
Materials and methods

Plant materials and field experiments
The populations used in this study consisted of 256 F 2:3 families derived from Yu823Yu87-1. Yu82 is an inbred line with compact plant architecture derived from a Chinese Stiff Stalk germplasm, a heterotic group used widely in China, while Yu87-1 is an inbred line with expanded plant architecture derived from a Chinese non-Stiff Stalk germplasm, also a heterotic group used widely in China (Fig. 1) .
The F 2:3 families, two parents, and F 1 were evaluated in three environments: Sanya, Hainan Province, in the winter of and Zhengzhou, Henan Province, during 2007 and again in 2008 . Each field experiment followed a randomized complete block design with three replications. Each plot included one row that was 4 m long and 0.67 m wide with a total of 15 plants at a density of 52 500 plants ha
À1
. Phenotypic data obtained for LA, LOV, LL, and LW used the same method as described by Ku et al. (2010) . LA was determined for three consecutive leaves (the first leaf above the uppermost ear, the leaf of the ear, and the first leaf below the ear) as the angle of each leaf from a plane defined by the stalk below the node subtending the leaf; LL was determined on the three leaves as the length from the beginning of the ligula to the tip of the leaf; and LW was determined as the typical width across the widest portion of the leaf. LOV was calculated as follows.
where h is the measured leaf angle, L f is the length from the beginning of ligula to the flagging point of the measured leaves, LL is the leaf length, and n is the number of leaves measured (Pepper, 1977) . A schematic explanation is shown in Fig. 2 . Trait values for each family were reported as the average from five plants in each replication. Trait measurements averaged over the three experimental environments were used as the preliminary data in QTL analyses.
Molecular linkage construction and QTL analysis
A total of 1022 pairs of simple sequence repeat (SSR) markers were chosen from the MaizeGDB (www.maizegdb.org) to detect polymorphisms between the two parents. Ultimately, 216 markers that clearly had distinct co-dominant segregation were used to genotype the 256 F 2 individuals. Alleles of AtDwarf4 and OsLAZY homologues from the two founder lines of the populations studied here were sequenced and cleaved amplified polymorphic sequence (CAPS) markers were developed for these genes. The F 2 population from the Yu823Yu87-1 cross was genotyped at CAPS markers from the AtDwarf4 and OsLAZY1 homologues. Linkage analysis was done with the software package Mapmaker/Exp version 3.0 at the LOD threshold of 3.0 (Lander et al., 1987) . v 2 values were generated for each marker to test for expected segregation ratios.
QTL mapping was undertaken with the composite-interval mapping (CIM) method of Windows QTL cartographer version 2.5 software . For CIM, model 6 of the Zmapqtl module was used to detect QTLs and their effects. The genome was scanned at every 2 cM, with a window size of 10 cM to exclude control markers (covariates) around the tested interval. Empirical threshold levels for declaring QTLs significant at the 5% genome-wide type I error level were obtained by performing 1000 random permutations. The QTLs were assigned to marker intervals that were the two nearest flanking markers to the standard 1-LOD drop values (Flint-Garcia et al., 2003) .
Meta-QTL analysis
Data were collected from five QTL studies related to leaf architecture traits (Table 1 ). For each QTL study, the names of the parental lines used and the size and type of plant populations were listed in Table 1 . Each QTL is characterized by its map position and R 2 (proportion of phenotypic variance explained). When the CI for QTL position was not available in the publication, a 5% CI was estimated with the approach proposed by Darvasi and Soller (1997) as follows.
where R 2 is the proportion of variance and N is the size of the population. According to reseachers, Equation (2) is appropriate for both backcross and F 2 populations, and Equation (3) is appropriate for the population of recombinant inbred lines (RILs).
QTLs were projected on a reference map, because results collected from QTL mapping experiments included different genetic maps. The B733Mo17 (IBM) population map (Mickelson et al., 2002) was used as a reference map. The reference map included a framework map of 192 restriction fragment length polymorphism (RFLP), SSR, and isozyme markers. All these markers were then located on the reference map on the basis of their relative distance to flanking framework markers. Finally the most likely position of each QTL was projected using common markers between the reference map and QTL maps. If the location information of certain QTLs could not be projected on the reference map, the QTL was not projected. Algorithms for metaanalysis were used to estimate the numbers and positions of mQTLs using BioMercator 2.1 software (Goffinet and Gerber 2000; Arcade et al., 2004) . A modified Akaike's criterion was calculated to select among models with varying numbers of mQTLs; a CI was also calculated .
Inference of candidate gene locations
The homologous genes of rice OsLAZY1 and AtDWARF4 genes associated with LA were isolated using homology-based cloning. The sequential analyses showed the DNA sequences of two genes had differences between the inbred lines Yu82 and Yu87-1. As a result of these analyses, two CAPS were developed for candidate gene mapping (Table 2) .
Other candidate gene positions were inferred on the integrated map since they were not cloned. First, a list of the candidate genes associated with LA, LL, and LW from Arabidopsis, rice, and maize was created (Table 3) . For genes previously identified in Arabidopsis and rice, their maize homologues were searched for using BLAST-X at the National Center for Biotechnology Information website (http://www.ncbi.nlm.nih.gov/). DNA sequences originating from maize were considered to be homologous to candidate genes from other plant species if their BLAST-X homologies were <E¼1.03e
À15 , and the genes were confirmed in the maize reference genome sequence using DNAMAN. If no homologue was identified with the BLAST-X search, then a second search was conducted with BLAST-N directly on the MaizeGDB utilizing the maize reference bacterial artificial chromosome (BAC) library. Finally, candidate genes and candidate gene homologues were positioned on the map using the maize genome browser at the MaizeGDB to identify their location on the physical map of sequenced and ordered BAC clones (obtained from the MaizeGDB, March, 2011). 
Results
Phenotypic variation of leaf angle and other morphological traits
The compact inbred parent line Yu82 had apparent differences in all the traits measured, with a decreased LA, LL, and LL, and an increased LO|V, compared with the expanded inbred parent line Yu87-1 (Table 4 ). For the F 2:3 family population, transgressive segregations were observed for all traits. There were some families with values that were higher or lower than those of their parents for LL and LW. However, there were also some families with values that were higher than the highest value of the parent for LA. The interaction between genotype and environment for the measured traits in the population was not significant (data not shown). The values of the measured traits among the F 2:3 families showed a pattern of continuous distribution around the mean (Fig. 3) .
QTL detection in F 2:3 families of Yu823Yu87-1 and comparison across previously reported QTLs
For the population of Yu823Yu87-1, a total of 218 markers were mapped from the 216 SSR and two CAPS markers of the F 2:3 families which segregated with reliably read polymorphisms. The map length was 1827.60 cM, and the mean distance between two markers was 8.40 cM. A total of 21 QTLs were detected for the four traits (Table  5) , five QTLs for LA, six QTLs for LOV, five QTLs for LL, and five QTLs forLW. These QTL were located on eight chromosomes. Two or more QTLs were located on chromosomes 1, 2, 3, 4, 5, 7 and 8, with three, two, four, two, two, four, and three QTLs, respectively. Individual QTLs explained between 4.86% and 21.65% of the phenotypic variation, with seven QTLs >10% and four >15%. QTL mapping for leaf architecture traits was previously reported from the five maize populations including two types of populations of F 2:3 and RILs derived from the nine different inbred lines. Table 1 showed population phenotypes evaluated from 114-397 families under 1-3 environments, respectively, across all populations. A total of 69 QTLs from all previously reported data were detected on all maize chromosomes for the four traits and there were more QTLs on chromosomes 1, 2, 3, 5, 7, 8, and 9. Individual QTLs explained between 2.70% and 23.20% of the phenotypic variation, with 24 QTLs >10% and nine >15% (Table 1) .
LA
The five QTLs associated with LA were located on chromosomes 1, 2, 3, 7, and 8, and together contributed 60.30% of the phenotypic variance (individual variance ranging from 7.34% to 18.43%), with two QTLs explaining >15% in the population of Yu823Yu87-1 (Table 5) . qLA1-1 located in the 1.02 region was consistent with that detected in the populations of H213Mo17 (P1), Ye4783Dan340 (P3), and Yu823Shen137 (P5). qLA2-1 located in the 2.01 region was consistent with that detected in populations of B733Mo17 (P4) and (P3). These two alleles accounting for 17.65% and 18.43% of the phenotypic variance were contributed by Yu82 for decreasing LA. Other alleles except for qLA7-1 were also contributed by Yu82 for decreasing LA. Moreover, QTLs in the 3.04 region were detected in P1 and P3. QTLs in the 5.04 region were detected in P4 and P5. The two QTL regions were not detected in this study. 
LOV
The six QTLs associated with LOV were located on chromosomes 1, 2, 3, 7, 8, and 9, and together contributed 64.63% of the phenotypic variance (individual variance ranging from 5.03% to 21.65%), with three QTLs explaining >10% and one >15% in the population of Yu823Yu87-1. qLOV2-1 in the 2.01 region, qLOV8-1 in the 8.03 region, and qLOV9-1 in the 9.01 region were also consistently detected in P3, P4, and P5, respectively. Three alleles accounted for 11.24, 5.84, and 5.03% of the phenotypic variance, respectively. All alleles, except for qLOV3-1 and qLOV8-1, were contributed by Yu82 for increasing LOV.
LL
The five QTLs associated with LL were located on chromosomes 3, 5, and 7, and together contributed 53.16% of the phenotypic variance (individual variance ranging from 6.06% to 20.60%), with two QTLs explaining >10% and one >15% in the population of Yu823Yu87-1. qLL7-1 in the 7.05 region accounting for 6.06% of the phenotypic variance was also consistently detected in P5. All alleles except for qLL5-1 and qLL5-2 were contributed by Yu82 for increasing LL.
LW
The five QTLs associated with LW were located on chromosomes 1, 2, 7, and 8, and together contributed 34.13% of the phenotypic variance (individual variance ranging from 4.86% to 9.67%) in the population of Yu823Yu87-1. qLW7-1 in the 7.04 region was consistently detected at P5 and accounted for 5.73% of the phenotypic variance. All alleles, except for qLW1-1 and qLW4-2, were contributed by Yu82 for shortening LW.
Meta-QTL analysis from all previously reported data and the experimental results
The maize consensus map contained 574 markers and was 1863 cM long with an average of 3.25 cM between markers (Fig. 4) , on the basis of the maize reference map and previously reported literature. Meta-analysis could identify mQTLs that were associated with the variation of multiple traits measured. So 17 mQTLs were found from the 69 initially detected QTLs for variation of the four traits measured by using meta-analysis (Fig. 4, Table 6 ). Fiftythree initial QTLs (76.81%) were integrated in these regions. Figure 4 showed that the CI for consensus positions was smaller than those of corresponding initial QTL positions. Therefore, the precision of QTL mapping was increased by the use of meta-analysis, which facilitated the identification of relevant candidate genes. The 17 mQTLs were located on eight chromosomes, three on chromosomes 3 and 7, two on chromosomes 1, 2, 4, 8, and 9, and one on chromosome 5. On average, one mQTL included 3.18 initial QTLs with a range from two to six for 1-4 traits. Initial QTLs included in mQTL1-1 were all detected in five populations, those in mQTL5-1 and mQTL8-1 were detected in four populations, those in mQTL1-2, mQTL2-1, and mQTL9-2 were detected in three populations, and those in the rest of the mQTLs were detected in two populations. It can be noted that the 20 (83.33%) among 24 initial QTLs with R 2 >10% in six populations were integrated in 11 mQTLs, and eight (88.89%) among nine initial QTLs with R 2 >15% were integrated in five mQTLs: mQTL1-1, mQTL2-1, mQTL3-3, mQTL7-1, and mQTL8-1.
Among 17 mQTLs, 13 mQTLs included initial QTLs for LA on chromosomes 1, 2, 3, 4, 5, 7, 8, and 9, 12 mQTLs included initial QTLs for LOV on chromosomes 1, 2, 3, 4, 5, 7, 8, and 9, five mQTLs included initial QTLs for LL on chromosomes 3, 5, and 7, and seven mQTLs included initial QTLs for LW on chromosomes 1, 3, 4, 7, 8, and 9.
Four traits
Two mQTLs for LA, LOV, LL, and LW were detected on chromosomes 3 and 7. mQTL3-3 on chromosome 3 accounted for 9.26% of the phenotypic variance for LA, 14.70% for LOV, 20.60% for LL, and 20.40% for LW. mQTL7-2 on chromosome 7 accounted for 7.34% of the phenotypic variance for LA, 6.80% for LOV, 14.30% for LL, and 5.73-9.60% for LW.
Three traits
One mQTL5-1 on chromosome 5 accounted for 6.10-9.70% of the phenotypic variance for LA, 9.80% for LOV, and 13.25% for LL. An mQTL for LA, LOV, and LW was detected on chromosome 9 and accounted for 14.2% of the phenotypic variance for LA, 7.26% for LOV, and 12.6% for LW.
Two traits
Five mQTLs for LA and LOV were detected on chromosomes 1, 2, 3, and 8. mQTL1-1 on chromosome 1 accounted for 3.64-20.40% of the phenotypic variance for LA and 23.20% for LOV. mQTL2-1 on chromosome 2 accounted for 2.66-18.49% of the phenotypic variance for LA and 4.49-11.24% for LOV. mQTL3-2 on chromosome 3 accounted for 9.60-11.21% of the phenotypic variance for LA and 13.57% for LOV. mQTL8-1 on chromosome 8 accounted for 12.20-16.80% of the phenotypic variance for LA and 5.84-6.88% for LOV. One mQTL for LA and LL was detected on chromosome 3 and accounted for 3.27% of the phenotypic variance for LA and 7.14% o for LL. Two mQTLs for LA and LW were detected on chromosomes 1 and 4. mQTL1-2 accounted for 16.10-10.82% of the phenotypic variance for LA and 8.70% for LW. mQTL4-1 accounted for 4.00% of the phenotypic variance for LA and 6.38% for LW. Two mQTLs for LOV and LW were detected on chromosomes 4 and 8. mQTL4-2 accounted for 5.60% of the phenotypic variance for LOV and 4.86% for LW, and mQTL8-2 accounted for 7.06% of the phenotypic variance for LOV and 7.49% for LW.
One trait
Two mQTLs for LA were detected on chromosomes 2 and 7 and accounted for 7. 30-11.20% and 12.26-15 .26% of the phenotypic variance, respectively. One mQTL for LOV was detected on chromosomes 9 and accounted for 5.03-7.70% of the phenotypic variance. One mQTL for LL was detected on chromosomes 7 and accounted for 6.06-8.00% of the phenotypic variance.
Mapping of candidate genes
Two candidate gene markers with homologous LA genes from rice and Arabidopsis were developed: AtDWARF4 and OsLAZY. Each of the two candidate genes mapped to single genome positions distributed across chromosomes 1 and 4. The homologue of AtDWARF4 mapped within the intervals of mQTL1-1 in the marker interval umc2383-bnlg439.
The second approach was employed to test the effects of candidate genes on leaf architecture by inferring their physical positions on the maize genetic reference map. The position of each gene was inferred on the consensus map by referencing mapped molecular markers derived from flanking BAC sequences. In total, 52 among 59 unique candidate gene sequences were mapped (Fig. 4; Table 3 ). Fifteen candidate genes were mapped within 11 mQTL intervals for leaf architecture (Table 6 ), while all other candidate genes tested in this study were not mapped to genome regions with significant effects for leaf architecture traits. Among these candidate genes, 11 candidate genes (six from maize, two from rice, and three from Arabidopsis) were associated with LA, three candidate genes from Arabidopsis were associated with LL, and one candidate gene from Arabidopsis was associated with LW.
Discussion
QTL analysis and synthesis of initial QTLs in different studies
Light penetration into the canopy is an important factor for photoassimilate production in any crop. Agricultural practices (e.g. planting density) and plant morphological features (e.g. leaf angle, leaf size, and tassel size) are the main Fig. 4 . mQTLs detected for leaf angle, leaf orientation value, leaf length, and leaf width. The initial QTLs were derived from several independent QTL studies, previously reported data, and the experimental results for leaf architecture traits.
factors that affect light penetration in maize. The importance of these factors in modern maize production is witnessed by the substantial change that has occurred during the past 50 years of breeding in the canopy architecture of maize (e.g. more erect leaves) and the sizeable reduction in tassel size (Duvick, 2005) . The utilization of molecular markers and genomics platforms offers unprecedented opportunities to discover, select, and clone QTLs that govern the important components of maize leaf architecture, such as leaf angle and leaf size. In this study, a total of 256 F 2:3 families, derived from a cross between compact inbred line Yu82 and expanded inbred line Yu87-1, were evaluated for four leaf architecture traits under three environments. Twenty-one QTLs were identified in total. Compared with the results previously reported, this study found that seven common QTLs were located in the same chromosome regions, two for LA at bin 1.02 and 2.00/2, three for LOV at bin 2.00/2, 8.03, and 9.01, one for LL at bin 7.05, and one for LW at bin 7.04. In particular, qLA1-1 and qLA2-1, detected in five and three populations, respectively, showed great consistency across both environments and populations, which might deserve further study in fine mapping and in MAS. These two QTLs have constructed near isogenic lines (NILs) and are being finely mapped in the laboratory at present.
QTLs detected across several independent studies could be integrated, and true QTLs with more accurate CIs and small target regions for candidate genes could be provided through meta-analysis (Goffinet and Gerber, 2000; Arcade et al., 2004; Khowaja et al., 2009) . Therefore, the metaanalysis approach was used to integrate all previously reported results from the literature together with experimental data and to estimate the number of consensus QTLs in each region in different experiments. It was worth noting 3 LA1-9-1, LOV3-9-1, LW5-9-1 that 83.33% of initial QTLs with R 2 >10% and 88.89% with R 2 >15% from independent experiments were integrated into 17 mQTLs. Initial QTLs in some mQTLs were detected in four populations at the same time, suggesting that there was a high probability that main QTLs with R 2 >10% detected in one population could appear in other populations for leaf architecture traits. However, initial QTLs in some mQTLs were detected only in one population, suggesting that the great inconsistency across many populations in QTL detection could be mainly attributable to different genetic structures and backgrounds due to a difference in allelic variation at the QTL. A population with a parent that carries a rare allele with strong effect at a QTL will probably yield a singleton for this QTL. Different sets of genetic variants probably control the natural variation in these leaf traits, so the probability of main QTLs detected in populations with rare loci controlling leaf architecture is lower than in populations with common loci. Several other studies also showed that genetic structure had great impact on QTL detection for grain yield components (Li et al., 2011) .
Not only could QTLs from independent studies be integrated, but also the genetic correlations among traits could be revealed through mQTL analyses. The co-localization of QTLs for the correlated traits of the leaf architecture might mean pleiotropy and/or tight linkage. In this study, the correlation analyses showed the most significant negative correlation between LA and LOV (r¼ -0.683), but the r value between LA and LL (r¼ -0.167), LA and LW (r¼0.162), and LL and LW (r¼0.146) was very low. Tian et al. (2011) found low pleiotropy among LA, LL, and LW, explaining the weak phenotypic correlations among them. Therefore, as far as multitraits involved in the mQTL interval were concerned in this study, especially the colocalization of mQTLs for LA and LW, LA and LL, and LL and LW might mean tight linkage. Using meta-analysis, four mQTLs were identified for 3-4 traits, mQTL3-3, mQTL5-1, mQTL7-2, and mQTL9-2, controlling leaf architecture on chromosomes 3, 5, 7, and 9. These mQTL-related regions might contain tightly linked QTLs for 3-4 traits. However, for all these regions, an initial QTL was detected with a major effect (R 2 of initial QTL >10%) in at least one experiment, and corresponding candidate genes were mapped in the mQTL intervals except for mQTL9-2. So the chromosome regions for four mQTLs with high QTL co-localization might be hot spots of the important QTLs for the associated traits. The fine mapping of these mQTLs and validation of the potential candidate genes was a reliable and feasible strategy for QTL cloning.
In addition, five mQTLs for LA and LOV, mQTL1-1, mQTL2-1, mQTL2-2, mQTL3-2, and mQTL8-1, were also identified on chromosomes 1, 2, 3, and 8. Composition trait LOV consists of LA, LL, and L f (the length from beginning of the ligula to the flagging point of the measured leaves). LA showed the most significant negative correlation to LOV, so the co-localization of QTLs for LA and LOV traits might mean pleiotropy and/or tight linkage. The real situations could only be revealed by further study through the fine mapping of QTLs and/or by development of single segment substitution lines for these mQTL-related regions.
In short, the six key mQTLs with R 2 of some initial QTLs >10% included 4-6 initial QTLs and were associated with 2-4 traits. These mQTLs might be hot spots of the important QTLs for the associated traits, and therefore might be used to improve maize plant architecture for higher yield in the near future. However, other leaf traits, such as leaf curvature and leaf azimuth, interfered with plant morphogenesis during leaf development in maize (Drouet and Moulia, 1997; Espana et al., 1999; Ford et al., 2008) . Because there could be changes with time in the azimuth of successive leaves, the changes determined both the leaf angle distribution and the horizontal display of the leaf area within the inter-row (Sinoquet et al., 1991; Drouet and Moulia, 1997) . Ford et al. (2008) found that the cumulative frequency distribution of leaf area was more effectively influenced by inclination angle. Therefore, the genetic mechanisms of the leaf traits such as leaf curvature and leaf azimuth remain to be further studied.
Associations between QTLs and candidate genes of maize
To understand further the genetic basis of leaf architecture variation, the association between QTLs and genes known to be involved in leaf architecture in Arabidopsis, rice, and maize were investigated through a bioinformatics approach in maize. Fifteen candidate genes controlling leaf architecture traits were located in 11 mQTL intervals for leaf architecture (Table 6 ). liguleless1 and liguleless2 genes that have mutants known to affect LA in maize were located in corresponding mQTL intervals on chromosomes 2 and 3. This result was consistent with that of Tian et al. (2011) , who detected marked associations around the liguleless1 and liguleless2 genes in the corresponding intervals through a genome-wide association study of the nested association mapping panel. However, other candidate genes mapped within 10 mQTL intervals for leaf architecture in this study were not detected by Tian et al. (2011) . DWARF4, KAN3, TAC1, ROT3, AS2, PFL2, yabby9/ SE/LIC/yabby15, mwp1, CYCD3;2, and CYCB1 were mapped to corresponding chromosome regions (Table 6 ). To verify further if these genes might be candidate genes in corresponding mQTL regions, the 16 genes were cloned from inbred lines Yu82 and Yu87-1 using homology cloning. The results showed that the differences could exist among the sequences of DWARF4 and LAZY between inbred lines Yu82 and Yu87-1, and the two CAPS were developed. Only DWARF4 was mapped within mQTL1-1. The differences could not exist among the sequences of other genes between the two inbred lines, because mQTL2-1, mQTL3-3, mQTL4-1, and mQTL7-2 did not include the corresponding initial QTLs of the population from Yu82 and Yu87-1. The causative polymorphisms of genes could be not in the coding sequence but in the non-coding sequence, and regulatory elements for six mQTLs included the corresponding initial QTLs of the population.
On chromosome 1, OsDWARF4 was mapped within the mQTL1-1 interval between umc2383 and bnlg439 affecting LA and LOV, and the ArKAN3 locus was associated with the mQTL1-2 interval between bnlg1331 and umc1245 affecting LA and LW. The OsDWARF4 allele shows slight dwarfism and erect leaves without undesirable phenotypes in rice (Sakamoto et al., 2006) . KANADI (KAN) genes belong to the GARP family of transcription factors, and promote abaxial identity in both dicots and maize (Kerstetter et al., 2001) . KAN genes are expressed abaxially in lateral organs, and repress expression of the HD-ZIPIII genes in the abaxial side of developing primordia.
On chromosome 2, the liguleless1 locus was associated with the mQTL2-1 interval between umc1165 and bnlg1297 affecting LA and LOV. TAC1 was mapped to the mQTL2-2 interval between bnlg1662 and umc1555 affecting leaf angle. The liguleless1 mutant has no ligule or auricle, leading to considerably more erect leaves than its normal counterpart. In varieties with expanded plant architecture, OsTAC1 acts as a positive regulator of the size of tiller angle in rice (Yu et al. 2007 ).
On chromosome 3, ArROT3 was mapped to the mQTL3-2 interval between bnlg1447 and umc2258 affecting LA and LOV, and ArAS2/liguleless2 was associated with the same mQTL3-3 interval between bnlg1505 and umc2127 affecting LA, LOV, and LL. ArROT3 regulates polarized growth and the number of leaf cells in the longitudinal direction in Arabidopsis (Kim et al., 1998; Narita et al., 2004) . The genetic analyses indicated that AS1 and ArAS2 functioned together to induce adaxial cell fate and to repress KNOX gene expression (Semiarti et al., 2001; Lin et al., 2003) . Liguleless2 has mutants known to affect LA in maize (Moreno et al., 1997; Walsh et al., 1998) . Liguleless2 mutant alleles lead to significant grain yield increase in maize hybrids (Pendleton et al., 1968; Lambert and Johnson, 1978) .
YABBY9/SE/OsLIC/YABBY15 corresponded to the same mQTL5-1 interval between umc1766 and umc2305 affecting LA and LOV on chromosome 5. YABBY9 and YABBY15 were the maize yabby gene family members which were expressed on the adaxial side of incipient and developing leaf primordia. A genetic pathway of yabby genes integrated positional information within the SAM, and led to adaxial-abaxial patterning and mediolateral outgrowth of the leaf (Juarez et al., 2004) . SE acted to regulate meristem activity and leaf axial patterning coordinately to influence variation of LA further in Arabidopsis (Grigg et al. 2005) . Suppression of endogenous OsLIC expression resulted in drastically increased leaf and tiller angles, shortened shoot height, and, consequently, reduced grain production in rice .
The mwp1 locus was mapped to the mQTL7-1 interval between phi057 and phi114 influencing LA. mwp1 was a leaf development transcription factor and was expressed late in leaf development to maintain abaxial cell fate (Candela et al., 2008) . The ArCYD3;2 locus was mapped within the mQTL7-2 interval between umc1865 and phi328175 influencing LA, LOV, LL, and LW. ArCycD3;2 was an important regulator of cell cycle progression in Arabidopsis (Swaminathan et al., 2000) . Thus, its function contributed to the control of cell number in developing leaves by regulating the duration of the mitotic phase and timing of the transition to endocycles, further affecting plant leaves (Dewitte et al., 2007) . mQTL8-2 between phi057 and phi114 on chromosome 8, affecting LOV, was associated with ArCYCB1. ArCycB1 revealed that the balance between leaf cell proliferation and enlargement, both spatially and temporally, was essential for the proper development of Arabidopsis plants.
The consistency of the QTLs and candidate genes identified in this study provided valuable information for further fine mapping to find QTGs and revealed the molecular mechanisms responsible for leaf architecture traits. At the same time, alleles associated with leaf architecture could be useful targets for marker-assisted selection to generate high-density-tolerant maize germplasm rapidly. They may provide a novel strategy to improve maize plant architecture for higher yields in the near future.
